colliculus but not to the spinal cord. During development, however, layer 5 pyramidal neurons from both motor and visual areas develop an exuberant set of The embryonic nervous system is refined over the subcortical connections that are nearly identical, with course of development as a result of the twin proeach area sending intermingling axon branches to the cesses of naturally occurring cell death and selective spinal cord and the superior colliculus. These interminaxon pruning. Recent studies provide new insights into gling connections are eventually segregated postnatally the molecular events that underlie axon pruning and when layer 5 motor cortex neurons selectively prune underscore the diversity of refinement processes emtheir branches to the superior colliculus and layer 5 ployed by the nervous system during development. cesses intrinsic or extrinsic to the axon? Finally, does
the physiological process of axon pruning provide any nal segments, and by 18 hr APF much of the axonal debris has been cleared. Notably, the axon peduncle is information about axon degeneration during pathologiselectively spared from the pruning process. pected, since there are a large number of E2s and E3s, at 2 hr intervals after puparium formation (APF), which and it is likely that only certain combinations of these marks the onset of metamorphosis. They observed that enzymes are involved in ␥ neuron pruning. Together, the dorsal and medial axonal branches of the ␥ neuron these results demonstrate that activation of the UPS is do not simply retract, but rather undergo a dramatic necessary for proper metamorphic pruning of ␥ neurons process of fragmentation. By 6 hr APF, axon branches and also suggest that pruning may resemble Wallerian begin to bleb, by 10 hr APF the branches are highly degeneration on both the morphological and molecular levels. fragmented with no apparent connections between axo-Pruning is selective with respect to which types of to join the suprapyramidal bundle. However, examination of the IPB during development reveals that, in the neurons are affected-␥ neurons undergo extensive metamorphic pruning, while the ␣Ј/␤Ј neurons do not. first week of postnatal life, this bundle is quite long, projecting up to two-thirds of the length of the CA3. It One insight into how this selectivity is achieved comes from previous work demonstrating a cell-autonomous is only later between postnatal day 20 (P20) and P30 that the IPB assumes its shorter adult length. requirement for the ecdysone receptor for correct pruning of ␥ neurons (Lee et al., 2000) . When the ecdysone In Plexin-A3 or Neuropilin-2 mutant mice, the IPB remains extended even into adult life, suggesting that this receptor is functionally inactivated in ␥ neurons, metamorphic pruning no longer occurs and the dorsal axonal receptor complex along with class 3 semaphorins are playing a role in the shortening of the IPB. Indeed, while branch is retained into adulthood. Further, it was shown that key subunits of the ecdysone receptor are exSema3F transcript is dramatically downregulated at P10, expression increases again around P20 in a dispressed in ␥ neurons, but not ␣Ј/␤Ј neurons. These data suggest that the restricted expression of EcR subunits crete population of interneurons located in the region of CA3 traversed by the IPB. This suggests a model in may account for the selectivity of pruning at the population level. It is likely that the UPS is playing a role downwhich the onset of Sema3F expression is a critical event triggering the retraction of the IPB by interacting with stream from the ecdysone receptor, because the levels of this receptor are unchanged following overexpression the neuropilin-2/plexinA3 receptor complex. Consistent with this model, the authors were able to establish that of UBP2 in ␥ neurons. Where downstream might the UPS be operating? Although the UPS may play a role Plexin-A3 is required cell-autonomously for the proper formation of the IPB. Because Plexin-A3 is located on in destroying certain structural components of the axon, there is ample evidence that this pathway is also capable the X chromosome, crossing Plexin-A3 null mice with transgenic mice expressing GFP from the X chromoof exerting more subtle effects, particularly on axon guidance events. For instance, proteasome inhibitors some resulted in mosaic animals due to X inactivation. In adult mosaics, wild-type axons in the IPB extended block netrin-1 guidance of neuronal growth cones without affecting neurite outgrowth (Campbell and Holt, the normal short distance, while mutant axons are found distally in the inferior region of the hippocampus. The 2001). Thus it is possible that the UPS functions at some point before the physical destruction of cellular strucsimplest explanation for these data is that Plexin-A3 is required in granule cell axons for the proper retraction tures, perhaps by degrading proteins which normally inhibit the pruning machinery. of the IPB. It remains possible that Plexin-A3 may play other roles in the development of granule cells that could Pruning is also selective at the level of the single neuron, since the axon peduncle of ␥ neurons is spared result in alterations in IPB morphology. For instance, semaphorin signaling has been shown to affect dendritic from pruning while the dorsal and medial branches are eliminated. Previous work has shown that factors intrinmorphology, which could in turn affect the physiological properties of these cells. Since increased activity is sic to the cell selectively regulate the stability of specific axon branches. For instance, the dorsal branch of the known to affect the length of the IPB (Adams et al, 1997), it will be interesting to assess whether PlexinA3-␣Ј/␤Ј neurons, but not the medial branch, can be induced to retract by downregulating p190RhoGAP, a GTPase mediated effects on granule cell physiology contribute to IPB shortening. activating protein that inhibits the activity of RhoA (Billuart et al.
, 2001). While it is unlikely that p190RhoGAP
Hippocampal projections to the septum also undergo significant remodeling during development (Linke et al., plays a role in the pruning of ␥ neurons, it is possible that this factor may play a role in stabilizing axon branches 1995). Initially, axons from nonpyramidal neurons pioneer a pathway to the medial septum, followed by axons during other types of remodeling events.
A larger issue raised by the removal of specific axon from a small number of pyramidal neurons. Slightly later, pyramidal cells in the hippocampus send axons both to branches is how such an event , which is so selective, is initiated. One possibility is that intrinsic programs the medial and lateral septum, although it is presently unclear whether the same cell simultaneously projects govern selective branch removal. Alternatively, extrinsic cues may participate in initiating the specific removal to both regions via collateral branches. Later, the hippocampal projection to the medial septum decreases, of certain branches. that CA1 pyramidal neurons could be retrogradely labeled by DiI crystals placed in the medial septum at examined the development of mossy fibers, which are the main excitatory input from the dentate gyrus to the time points long after the period when this projection would normally disappear. This suggests that in adult hippocampus. Mossy fibers project from dentate granule cells in one of two distinct tracts, the supra-or Plexin-A3 mutant mice, CA1 pyramidal neurons aberrantly project to the medial septum. Further, mosaic infrapyramidal bundle (IPB) (Figure 1D ). In the adult mouse, axons in the IPB project in the layer below CA3 analysis revealed that Plexin-A3 is required cell-autonomously in this process. Because this phenotype is not pyramidal cells for only a short distance before turning seen in Neuropilin-2 null mice, it is likely that another to subcortical targets are properly pruned in Plexin-A3 null mice, while certain remodeling events in the hipposemaphorin, aside from Sema3F, is involved. Indeed, Sema3A transcript is upregulated in the medial septum campus are defective. The observation that semaphorins may be involved in initiating axon pruning events at early postnatal time points.
The authors provide direct evidence that secreted as well as axon guidance events raises the possibility that other guidance molecules may similarly play a role class 3 semaphorins can induce retraction of axons in cultured hippocampal neurons. Given the role of in pruning. It has already been shown that prolonged application of A class ephrins results in the pruning of Sema3A as a repulsive guidance cue, one might predict that application of Sema3A would lead simply to colhippocampal neuron axons in culture. In this light, it is possible that the phenotype seen in the Ephrin-A2/ lapse of hippocampal neuron growth cones. Instead, application of Sema3A to CA1 explants caused these Ephrin-A5 double knockout mouse, in which RGC axons form ectopic arborizations along the AP axis of the supeaxons to retract. This result is highly reminiscent of the effect of Sema3A on neurites from basilar pontine neurior colliculus, may result from a failure to retract overshooting axon segments. Although somewhat unexrons (Rabacchi et al., 1999) . Similar experiments on dissociated neurons revealed that this effect was selective, pected, these observations raise the possibility that repulsive guidance cues are utilized once during the because neurons were seen to retract certain axon branches, while other branches appeared unaffected.
progressive phase of nervous system development when axon pathways are being established, and then Further, neurons from Plexin-A3 null mice showed no response to Sema3A. again during the regressive phase when these pathways are refined. One might ask whether pruning mechanisms similar to those observed in the Drosophila mushroom body Finally, the observation that physiological pruning of ␥ neuron axons morphologically resembles the pathoneurons also play a role during the retraction of CA1 axons in response to Sema3A. Bagri et al. (2003) carelogical process of Wallerian degeneration and requires the ubiquitin proteasome pathway suggests the intrigufully observed the morphology of axons following the ing possibility that these two phenomena may be readdition of Sema3A but found no evidence of blebbing lated. It will be of interest to determine if directly interferor fragmentation in cultured hippocampal neurons. Ading with the UPS delays axonal degeneration following ditionally, hippocampal sections treated with silver stain axotomy or other neurodegenerative insults. Studying to detect signs of degenerating axons during IPB remodthe mechanisms of pruning will certainly yield important eling showed no evidence of degenerative mechanisms.
insights into how precise wiring of the nervous system is This is in striking contrast to both the local degeneration achieved; however, understanding pruning mechanisms of axonal branches seen in Drosophila ␥ neuron during also holds the prospect of uncovering new clues about metamorphosis and also to the degeneration of axonal neurodegenerative disease. branches seen in hippocampal neurons following the prolonged application of A class ephrins (Gao et al.,
